Oxidation-reduction midpoint potentials were determined, as a function of pH, for the disulfide/dithiol couples of spinach and pea thioredoxins f, for spinach and Chlamydomonas reinhardtii thioredoxins m, for spinach ferredoxin:thioredoxin reductase (FTR), and for two enzymes regulated by thioredoxin f, spinach phosphoribulokinase (PRK) and the fructose-1,6-bisphosphatases (FBPase) from pea and spinach. Midpoint oxidation-reduction potential (E m ) values at pH 7.0 of -290 mV for both spinach and pea thioredoxin f, -300 mV for both C. reinhardtii and spinach thioredoxin m, -320 mV for spinach FTR, -290 mV for spinach PRK, -315 mV for pea FBPase, and -330 mV for spinach FBPase were obtained. With the exception of spinach FBPase, titrations showed a single two-electron component at all pH values tested. Spinach FBPase exhibited a more complicated behavior, with a single two-electron component being observed at pH values g 7.0, but with two components being present at pH values <7.0. The slopes of plots of E m versus pH were close to the -60 mV/pH unit value expected for a process that involves the uptake of two protons per two electrons (i.e., the reduction of a disulfide to two fully protonated thiols) for thioredoxins f and m, for FTR, and for pea FBPase. The slope of the E m versus pH profile for PRK shows three regions, consistent with the presence of pK a values for the two regulatory cysteines in the region between pH 7.5 and 9.0.
The ferredoxin/thioredoxin system of oxygenic photosynthetic organisms plays an important role in the regulation of the carbon metabolism of these organisms (1) (2) (3) . The initial step in the thioredoxin regulatory pathway, which has been extensively characterized in spinach and pea chloroplasts, involves the reduction of ferredoxin:thioredoxin reductase (hereafter abbreviated FTR 1 ) by the reduced ferredoxin generated during light-driven noncyclic electron flow (1) (2) (3) . Spinach leaf FTR, the best characterized of these enzymes, is a 25.6 kDa heterodimeric protein located in the chloroplast stroma (1) (2) (3) . FTR contains a unique [4Fe-4S] cluster that serves to stabilize the one-electron-reduced intermediate formed after the first electron donation by ferredoxin, during the two-electron reduction of the activesite disulfide of the oxidized enzyme to the two cysteine thiols present in reduced FTR (4, 5) . FTR reduces thioredoxin in a reaction in which the two cysteines at the active site of the reduced enzyme become oxidized to a cystine disulfide, while the active-site disulfide of the oxidized thioredoxin becomes reduced to two cysteine thiols (1) (2) (3) (4) (5) . FTR reduces both of the thioredoxins found in chloroplasts, thioredoxin f and thioredoxin m (monomeric proteins with molecular masses of ∼12 kDa that contain a conserved -WCGPCactive site), with equal efficiency. However, the two chloroplast thioredoxins display differential but overlapping reactivities among the array of identified target proteins (1) (2) (3) . Although regulatory reduction by thioredoxin m appears to be restricted to glucose-6-phosphate dehydrogenase and the NADP + -linked malate dehydrogenase (hereafter abbreviated MDH), MDH is even more efficiently activated by thioredoxin f (6) (7) (8) , which also regulates fructose-1,6-bisphosphatase (hereafter abbreviated FBPase), phosphor-ibulokinase (hereafter abbreviated PRK), and sedoheptulose-1,7-bisphosphatase (1) (2) (3) . A consideration of the chemistry involved in the net sulfhydryl-disulfide exchange reactions that occur between thioredoxins and target proteins suggested that these reactions necessarily entail the formation of intermolecular disulfides as transient intermediates, and such an intermediate has been directly demonstrated in the case of the reductive activation of spinach PRK by reduced thioredoxin f, with Cys46 of thioredoxin paired with Cys55 of PRK (9) . Cys46 of thioredoxin f has also been identified as the primary nucleophile in the reduction of spinach FBPase (10) .
Three-dimensional structures are available from both X-ray crystallography and NMR spectroscopy for chloroplast thioredoxins f and m (11) (12) (13) , and a crystal structure is available for the spinach chloroplast FBPase (14) . A recent crystal structure for PRK from the purple photosynthetic bacterium Rhodobacter sphaeroides, an enzyme that is not regulated by thioredoxin, has allowed modeling studies of the possible site of thioredoxin/PRK interactions in the plant system (15) . Progress is being made toward solving the structures of a cyanobacterial FTR, an enzyme with properties very similar to those of spinach FTR (16) , and the thioredoxin m-regulated chloroplast MDH (17) .
Attempts to model the kinetics of activation and deactivation of various thioredoxin-regulated enzymes and to explain the differential effects of light intensity on these enzymes in situ (18) require an accurate knowledge of the oxidationreduction midpoint potentials (E m ) of the disulfide/dithiol couples involved in the regulatory pathway. Although a limited number of measurements of the midpoint potentials of some of these proteins had been reported in the years since the discovery of thioredoxin regulation of carbon metabolism (19) (20) (21) , until recently there has been little systematic investigation of the oxidation-reduction properties of the proteins of the chloroplast thioredoxin regulation system. Work in our laboratories used cyclic voltammetry to provide the first published E m values for spinach thioredoxins f and m and for spinach FTR (22) . Although cyclic voltammetry had proven to be useful for reliably measuring E m values for the disulfide/dithiol couples of glutathione, Escherichia coli thioredoxin, and the thioredoxin encoded by the genome of the bacteriophage T4T (23), the E m values obtained by cyclic voltammetry for spinach thioredoxins f and m were significantly more positive than those previously obtained for maize thioredoxin m (19) and spinach thioredoxin f (21) using chemical oxidation-reduction poising techniques. As it is possible that some or all of the spinach chloroplast proteins investigated could have undergone E m -altering conformational changes in the lipid bilayer at the surface of the electrode used for the cyclic voltammetry measurements (22) , it appeared to be important to reinvestigate the oxidation-reduction properties of these proteins using an alternative technique. It also seemed to be important to measure the E m values for these proteins over as wide a range of pH values as possible [previous investigations, with the exception of our own study of spinach PRK (ref 24) , involved measurements at a single pH] because of the changes that occur in the pH of the chloroplast stroma during illumination (25) . Below we report E m values, measured over a range of pH values, for thioredoxins f from spinach and pea, for thioredoxins m from spinach and the green alga Chlamydomonas reinhardtii, for spinach FTR, for spinach PRK, and for spinach and pea FBPases.
EXPERIMENTAL PROCEDURES
All proteins used in this study, except for spinach FBPase, which was purified from spinach leaf, were recombinant proteins. Except for spinach PRK (see below), the recombinant proteins were all expressed in E. coli. Spinach thioredoxins f and m and spinach FBPase (26) and spinach FTR (27) were purified as described previously, as were pea thioredoxin f (7), C. reinhardtii thioredoxin m (28) , and pea FBPase (29, 30) . Spinach PRK was isolated from a transformed strain of the yeast Pichia pastoris that carries the gene for the wild-type enzyme (31) and was purified as described previously (24) . The reduced form of dithiothreitol (DTT) was obtained from Sigma Chemical Co.. Monobromobimane (mBBr) and the oxidized form of DTT were obtained from CalBiochem.
Oxidation-reduction titrations, using either enzymatic activity (in the case of the spinach and pea FBPases and spinach PRK) or mBBr fluorescence (for thioredoxins f and m and for FTR) to monitor the oxidation-reduction state of the disulfide/dithiol systems, were carried out at ambient temperature under aerobic conditions. Control experiments carried out under anaerobic conditions yielded results identical to those reported below. Activities for FBPase (26, 28) and PRK (24) were assayed as described previously. Fluorescence was measured either using a Perkin-Elmer model MPF-3 spectrofluorometer with 380 nm excitation, 450 nm emission, and 5 nm spectral resolution (as described in ref 32) or using samples in microtiter plates (Costar Black Plate 3603) and a Bio-Tek model FL500 fluorescence plate reader with excitation at 360 nm and emission at 460 nm.
Samples were allowed to equilibrate at ambient potentials (E h ) defined by different ratios of reduced:oxidized DTT, for times between 1.0 and 3.0 h (see figure legends for details), to maximize the probability for achieving oxidationreduction equilibrium without compromising the stability of the proteins (33) . Total DTT concentrations were 2 mM for thioredoxins f and m and FTR, 10 mM for FBPase, and 80 mM for PRK. Control experiments demonstrated that both mBBr fluorescence and activity were constant with time, in the time ranges centered around the times used to establish redox equilibration, and that the E m values obtained were independent of total DTT concentration. In the cases of the thioredoxins, PRK, and FTR, the proteins equilibrate directly with DTT, but in the cases of the spinach and pea FBPases, catalytic amounts of either spinach or pea thioredoxin f, respectively, were added to speed the approach to oxidationreduction equilibrium (33) . At the end of the equilibration period, aliquots were removed and either assayed for activity (in the case of spinach and pea FBPase and spinach PRK) or exposed to mBBr (in the case of thioredoxins f and m and FTR) under conditions causing this fluorescent probe to become covalently linked to thiol groups (32) (33) (34) . For the mBBr titrations, a modification (32) of the method of Hutchinson and Ort (33) was used in which protein precipitation with trichloroacetic acid (32) replaced methylene chloride extraction (33) as the method for separating the protein from other reactants and products. Control experiments, in which mixtures containing different ratios of reduced:oxidized DTT, but containing no protein, were treated with mBBr and then with trichloroacetic acid under conditions identical to those utilized in the protein titrations exhibited no detectable fluorescence, indicating that the separation was sufficiently effective so that no significant errors in assigning E m values resulted from mBBr that was not covalently linked to the protein being titrated.
Best-fit values for E m were determined by fitting titration data to the Nernst equation using Kaleidagraph software (Synergy Software) and setting the value of n in the Nernst equation at 2, the value expected for a disulfide/dithiol twoelectron-transfer process. Data fitting of single-component titrations in which the value of n was not fixed at 2 but in which the software selected the n value that gave the best fit to the Nernst equation, never gave n values that showed any significant deviations from 2. Titrations of spinach FBPase at pH values <7.0 gave poor fits to either single component n ) 1 or n ) 2 Nernst curves but gave excellent fits to plots containing two n ) 2 component, in which the two E m values and the contribution of the two n ) 2 components are selected by the software to give the best fit. All plots of extent of reduction versus E h shown below set the value of either enzyme activity or fluorescence observed in the sample poised at the most positive E h value used as corresponding to 100% oxidized and take the values measured at the most negative E h value used as 100% reduced. In the cases where multiple titrations were carried out for the same protein at a given pH, average values are given and the average deviation is reported to provide an estimate of the experimental uncertainties.
All E m value calculations were based on a value of -330 mV for the E m of DTT at pH 7.0. This value is an average of several closely agreeing values available in the literature (33) . The value used for the pH dependence of the E m value of DTT was -60 mV/pH unit over the pH range from 5.5 to 8.2 (33, 35) . A value of 9.2 was used for the pK a of the more acidic of the thiol groups of DTT (35) for calculating the E m value of DTT at pH values >8.2. Plots of E m versus pH were obtained using Kaleidagraph software, using slope values of either -60 mV/pH unit (corresponding to the uptake of two protons per disulfide reduced), -30 mV/pH unit (corresponding to the uptake of one proton per disulfide reduced), or 0 mV/pH unit (corresponding to the uptake of zero protons per disulfide reduced), as described by Chivers et al. (36) . Figure 1 shows the results of titrations of spinach thioredoxins f ( Figure 1A ) and m ( Figure 1B ) at pH 7.0. Both titrations give excellent fits to the Nernst equation for a single two-electron redox couple. Multiple titrations of these spinach proteins gave average values for E m , at pH 7.0, of -290 ( 10 mV (10 titrations) and -300 ( 10 mV (5 titrations) for thioredoxins f and m, respectively. Titrations of pea thioredoxin f and C. reinhardtii thioredoxin m at pH 7.0 gave E m values of -290 and -300 mV, respectively, values identical to those obtained for the corresponding spinach proteins. Figure 2 shows the results of a titration of the active-site disulfide of spinach FTR at pH 7.0. An average value of -320 ( 10 mV was obtained (nine titrations) for the E m value of the spinach enzyme at this pH. The E m values obtained for the two spinach chloroplast thioredoxins at pH 7.0 in this study are 80-90 mV more negative than the values of -210 mV previously obtained by cyclic voltammetry for both spinach thioredoxins f and m (22) , a difference that is considerably greater than the sum of the (10 mV experimental uncertainties in either of the two types of measurements. The more reducing numbers obtained in the current study from mBBr titrations are, however, in good agreement with values reported for spinach thioredoxin f (21) and maize thioredoxin m (19) in titrations that used the ability of the reduced thioredoxins to activate thioredoxin-regulated enzymes to monitor the reduction state of the active-site disulfides. The E m value at pH 7.0 obtained for spinach FTR in this study is 90 mV more negative than that obtained previously by cyclic voltammetry. The fact that the apparent error in the cyclic voltammetry measurements is almost identical for all three of the proteins examined means that the thermodynamic driving force, at pH 7.0, of -30 mV estimated previously from cyclic voltammetry data (22) for the reduction of the active-site disulfides of thioredoxins f and m by the two cysteines at the active site of reduced FTR was apparently correct.
RESULTS
Given the rise in the stromal pH, from approximately pH 7.0 to pH 7.9, that occurs during illumination of chloroplasts (25) , it was of interest to examine the pH dependence of the E m values of thioredoxins f and m, and of FTR, all of which are soluble proteins located in the stromal space of chloroplasts (1-3). Figure 3 shows that plots of E m versus pH for both spinach thioredoxins f and m give good fits to straight lines with the -60 mV/pH unit dependence expected for a redox reaction that involves the uptake of two protons per two electrons (36) over the pH range from 6.0 to 8.5. Identical pH dependencies for E m were obtained for pea thioredoxin f over the pH range from 6.0 to 9.0 and for C. reinhardtii thioredoxin m over the pH range from 6.0 to 8.0 (not shown). Titrations of spinach FTR at pH 6.0 indicate that the enzyme also exhibits a -60 mV/pH unit dependence over the pH range between 6.0 and 7.0. Although titrations of FTR at pH 8.0 suggest that this E m versus pH unit dependence is also likely to extend to pH 8.0, the enzyme proved to be insufficiently stable at this pH to provide completely reliable E m values at alkaline pH values.
The simplest explanation for the observation that chloroplast thioredoxins f and m both exhibit an E m versus pH dependence that does not deviate from the -60 mV/pH unit value expected for the uptake of two protons per reduction of the active-site disulfide up to pH values of 8.5 or 9.0 is that neither of the active-site cysteines of these proteins have pK a values significantly below 8.0 (36) . At pH values above the pK a of the more acidic cysteine, where only one proton would be taken up per disulfide reduced, an E m versus pH dependence of -30 mV/pH would be expected, and at pH values above the pK a values of both cysteines, where no protons are taken up on reduction of the disulfide, the E m would be expected to be independent of pH (36) . It was also of interest to determine whether pK a values for the regulatory cysteines of thioredoxin-regulated chloroplast enzymes could be detected from their E m versus pH profiles. Earlier studies of the pH dependence of the rate of alkylation of spinach PRK indicated that alkylation of Cys16, one of the two regulatory cysteines in spinach PRK, reflects a process with a pK a of 7.9 ( 0.2 (37) . One might thus expect a transition in the E m versus pH dependence for the reductive activation of PRK, centered at pH 7.9, from -60 to -30 mV/pH. A preliminary investigation of the E m versus pH dependence for spinach PRK in our laboratories failed to detect this transition, but it appeared to be likely that an insufficient number of pH values had been sampled to provide a rigorous test of whether the predicted change in E m versus pH dependence could be detected (24) . Figure 4 shows an E m versus pH profile for the reductive activation of spinach PRK, combining data obtained in the earlier investigation (24) with new data obtained as part of this study, which is more extensive than was available earlier. The data could not be fitted to a single straight line with an E m versus pH dependence of -60 mV/pH. The E m versus pH data for spinach PRK were thus fitted instead using three regions (Figure 4) , with slopes of -60, -30, and 0 mV/pH, respectively, as pH increases. Using the intersections of these three straight-line portions to estimate two pK a values (36) , this fitting procedure predicts values of 8.1 and 8.6 for pK a values of the more acidic (probably Cys16) and less acidic (probably Cys55) regulatory cysteines of PRK, respectively. The value of 8.1 for the pK a of the more acidic group agrees, within the experimental uncertainties of the measurements, with the value of 7.9 determined from the earlier alkylation studies (37) . The data also give an equally good fit (not shown) using only two regions, with slopes of -60 and 0 mV/pH (i.e., the behavior that would occur if both regulatory cysteines had identical or very similar pK a values). However, this fitting procedure yields a predicted value near pH 8.5 for the pK a of the two cysteines, in poorer agreement with the 7.9 value for the pK a of Cys16 obtained from the earlier alkylation studies (37) than the value of 8.1 obtained from the fit shown in Figure 4 . Figure 5 shows that E m values for the reductive activation of pea FBPase, over the range from pH 5.5 to 8.5, exhibit the -60 mV/pH unit dependence expected for a process in which two protons are taken up during a two-electron reduction. The E m value at pH 7.0, -315 (10 mV (three titrations), is somewhat less negative than the value of -330 mV obtained for spinach FBPase at this pH (see below), but this difference is within the (20 mV uncertainty for the difference between two E m values, each of which has an experimental uncertainty of (10 mV. Titrations of pea FBPase at all pH values examined gave excellent fits to the Nernst equation for the reduction of a single two-electron component, despite the fact that the FBPase is known to undergo subunit dissociation in the alkaline pH range (38) (39) (40) (41) (42) . Figure 6A shows a titration of spinach FBPase at pH 7.0. Titrations at this pH gave an E m value of -330 ( 10 mV (three titrations). All titrations of spinach FBPase carried out over the pH range from 7.0 to 7.8 gave excellent fits to the Nernst equation for a single two-electron component. As the spinach enzyme appears to be less stable at alkaline pH than the pea enzyme, it was not possible to obtain an unambiguous value for the slope of the E m versus pH dependence of the spinach enzyme at pH values >7.0. Figure   6B shows that at pH 6.0, titrations of the activity of spinach FBPase could not be fitted to the Nernst equation for a single two-electron process but instead required two components. An average of three titrations at pH 6.0 gave E m values of -230 ( 10 and -285 ( 10 mV, respectively, for the two components. A two-component fit was also necessary at pH 6.5 (average E m values of -270 and -325 mV were calculated for the two components at this pH). The behavior of the spinach enzyme is consistent with the involvement of two different disulfides, which exhibit different E m versus pH profiles, in the activation of the enzyme. The hypothesis that two different disulfides participate in the reductive activation of FBPase was previously suggested to explain the results of site-directed mutagenesis studies (29, 43) .
DISCUSSION
As a result of this study, oxidation-reduction midpoint potentials are now available for all components of the spinach chloroplast ferredoxin/FTR/thioredoxin f,m system. It is also now possible to say, at least for the limited number of species examined, that there are few or no differences in E m values for chloroplast thioredoxins from different species and, at most, a small difference in the E m values for the regulatory disulfide of two higher plant FBPases. Furthermore, for the first time, the dependence of the E m values for thioredoxins and FTR on pH have been determined. Although the E m value for ferredoxin, the initial reductant in this regulatory pathway, is pH-independent (44), the E m values for the two chloroplast thioredoxins, and probably for FTR as well, exhibit a -60 mV/pH unit dependence for the pH range over which the pH of the chloroplast stromal space increases during illumination. Identical pH dependencies for FTR and the two thioredoxins reduced by the enzyme mean that the driving force for reduction of either thioredoxin f or m by FTR will not change during illumination. As pea FBPase and spinach PRK show little or no deviation from an E m versus pH dependence of -60 mV/pH unit over the range from pH 7.0 to 8.0, the driving force for reduction of these two thioredoxin f-regulated proteins will also be unaffected by illumination of the chloroplasts. However, the driving force for reduction of FTR by ferredoxin will decrease by ∼55 mV as a result of the light-induced increase in stromal pH by 0.9 pH unit (25) , because the E m value of FTR will become more negative while that of ferredoxin will be unaffected.
Thioredoxins f and m, FTR, and PRK each contain only a single pair of cysteines involved in the thioredoxin regulatory pathway (1, 3) , and thus the observation that all of the redox titrations of these proteins carried out as part of this study could be treated with a single-component fit to the twoelectron Nernst equation was expected. In contrast to this simple situation, it appeared to be possible that the situation would be more complex for chloroplast FBPases. Recent sitedirected mutagenesis studies on the pea (30) and rapeseed (43) FBPases have established the likelihood that three cysteine residues are involved in the thioredoxin f-regulated activation of this chloroplast enzyme. One of these regulatory cysteines (Cys153 in the pea enzyme, Cys157 in the rapeseed enzyme, and Cys155 in the spinach enzyme) appears to be able to form a disulfide bond with either of the other two regulatory cysteines (i.e., with either Cys173 or Cys178 in the pea enzyme and with either Cys174 or Cys179 in the FIGURE 5: Effect of pH on the E m value of pea FBPase. Oxidationreduction equilibration was carried out for 3 h at ambient temperature using 440 nM pea FBPase and a catalytic amount of pea thioredoxin f (0.2 µg/mL) in 100 mM buffer containing DTT at a total concentration of 10 mM. Aliquots were withdrawn and assayed for FBPase activity as described under Experimental Procedures. Buffers used were MES (pH 6.0-7.0), MOPS (pH 7.5), Tricine (pH 7.8-8.2), and Bis-Tris propane (pH 8.5). rapeseed and spinach enzymes). The observation that two n ) 2 components are required to fit the activation redox titrations of spinach FBPase at pH values <7.0 (see Figure  6B ) is consistent with this hypothesis and suggests that, at these pH values, samples of oxidized spinach FBPase are mixtures of enzyme with a Cys155-Cys174 disulfide and an enzyme with a Cys155-Cys179 disulfide. Although it is not yet possible to propose an unambiguous explanation for why only a single n ) 2 component is observed in redox titrations of spinach FBPase at pH values >7.0, this phenomenon could possibly result from the existence of a pH-dependent equilibrium between the two disulfides, from different E m versus pH dependencies for the two disulfides, or from a combination of these two effects. Our inability to observe two redox components during titrations of the highly homologous pea FBPase, regardless of pH, may be due to the fact that the E m values for the two disulfides in the spinach enzyme are identical to within the experimental uncertainties of our measurements. Redox titrations with sitedirected Cys/Ser mutants of both pea and spinach FBPases are planned to further elucidate the redox properties of the enzymes.
